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PREFACE

The 1987 Johnson Space Center (JSC) National Aeronautics and Space Administration (NASA)/-
American Society for Engineering Education (ASEE) Summer Faculty Fellowship Program was
conducted by Texas A&M University and JSC. The 10-week program was operated under the
auspices of the ASEE. The program at JSC, as well as the programs at other NASA Centers, was
funded by the Office of University Affairs, NASA Headquarters, Washington, D.C. The object;ives of
the program, which began in 1965 at JSC and in 1964 nationally, are

a. tofurther the professional knowledge of qualified engineering and science faculty members;

b. tostimulate an exchange of ideas between participants and NASA;

¢. toenrich and refresh the research and teaching activities of participants’ institutions; and

d. tocontribute to the research objectives of the NASA Centers.

Each faculty fellow spent 10 weeks at JSC engaged in a research project commensurate with his/her
interests and background and worked in collaboration with a NASA/JSC colleague. This document is
a compilation of the final reports on the research projects done by the faculty fellows during the

summer of 1987. Volume 1 contains sections 1 through 18, and volume 2 contains sections 19 through

35.
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ABSTRACT

The Space Station Safe Haven Food System must sustain eight crew
members under emergency conditions for 45 days. Sustaining the crew mem-
bers in an emergency situation following the requirements for minimal
volume and maximum shelf life is a challenging part of the Space Station
planning. Determination of the nutritional requirements for an emergency/
survival ration for Space Station Safe Haven is one of the current research
objectives at JSC.

Emergency/Survival Foods are defined as a nutritionally balanced col-
lection of high density foods and beverages selected to provide for the sur-
vival of Space Station flight crews in contingency situations.

Safe Haven Foods will be used only in emergency situations. Since stor-
age volume is limited, the foods should be highly concentrated. They will be
designed to fulfill one purpose: sustaining the life of the crew during a per-
iod of emergency. Advances in food science and technology continue to
increase the capability to respond to thié challenge.

Recommended dietary composition and special considerations during
Safe Haven: A careful study of different research findings regarding starva-
tion and calorie restricted diets indicates that a minimum nutritional need
close to RDA is an important factor for sustaining an individual’s life in a
stressful environment. Fat, protein, and carbohydrates are three energy
producing nutrients which play a vital role in the growth and maintenance
process of human life. A lower intake of protein can minimize the water
intake, but it causes a negative nitrogen balance and a lower performance

level. Other macro and micro nutrients are also required for nutritional
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interrelationship to metabolize the ;:)ther three nutrients to their optimum
level. Therefore, 2000kcal of Space Station Safe Haven Emergency/Survival
Food is recommended on the basis of 10% kcal should come from protein;
60% from CHO; 30% from fat, for 45 days. The various options for longer
durations (e.g., 180 to 235 days) are also under investigation. There are some
foods also taken under consideration as possible candidates for Space Station

Safe Haven Foods.



INTRODUCTION

The Space Station Safe Haven Food System must sustain eight crew
members under emergency conditions for 45 days. Sustaining the crew mem-
bers in an emergency situation following the requirements for minimal vol-
ume and maximum shelf life is a challenging part of the Space Station plan-
ning. Determination of the nutritional requirements for an emergency/
survival ration for Space Station Safe Haven is one of the current objectives at
JSC.

Emergency/Survival Foods are defined as a nutritionally balanced col-
lection of high density foods and beverages selected to provide for the survi-
val of Space Station flight crews in contingency situations.

safe Haven Foods will be used only in emergency situations. Since stor-
age volume is limited, the foods should be highly concentrated. They will be
designed to fulfill one purpose: sustaining the life of the crew during a
period of emergency. Advances in food science and technology continue to
increase the capability to respond to this challenge.

The nutritional criteria will be based on the activity level necessary for
routine station operations during both Intravehicular Activities (IVA) and
Extravehicular Activities (EVA). Following are the assumptions used in
determining the Safe Haven Food System for the Space Station:

A. Two module station with resource nodes

B. An 8-member crew with a planned 90-day resupply cycle

C. A modified food system reduced from a proposed 0.66 cu. ft./man/day
to 0.20 cu.ft./man/day

D. The weight (packing density) of all equipment and supplies is calculated

to be 2271bs./cu.ft. The logistics module provides 213 cu.ft. of food stow-

age volume and the galley provides 165 cu.ft. of food stowage volume

for routine station operations

The amount of crew time required to maintain the system will not

exceed 1 hour/45 days

F. The availability of power in a Safe Haven node shall be provided by
other systems

m

The assumptions made are based on previous space flight experience.
The numbers provided in the assumptions may change as new information
becomes available. The focus of this paper is on the nutritional criteria. (15)

In the selection of foods for the Safe Haven System, consideration needs
to be given to their:

A. Functionsin the body

B.  Nutritional contribution

C. Relationship with the normal daily menus of the Food Supply and
Service System (FSSS)
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PURPOSE OF THE STUDY

The purpose of the study was to evaluate potential food types and
recommend candidate methods for meeting the nutritional requirements for
the Space Station Safe Haven Food System.

OBJECTIVES

1. To determine the overall nutritional requirements for Safe Haven food
supply systems

2. Torecommend an emergency ration providing the minimum number of
caloriessman/day required to prevent weight loss

3. To establish a knowledge base of the specific nutrients required and

their metabolic effect on the health of Space Station crew members in

terms of stress and performance.

To determine the minimum water requirements for Safe Haven

To determine the minimum Safe Haven Food shelf life requirements

To recommend potential Safe Haven foods

ouh

REVIEW OF THE LITERATURE

C. F. Consolazio and his associates (1971) conducted research in.Meta-
bolic Imbalances and Body Hypohydration During Food Deprivation (10 days).
In the initial study of 6 men who fasted completely for 10 days, significant
metabolic stresses developed which could have eventually led to serious
abnormalities. These observations included a great amount of body dehy-
dration which resulted in substantial body weight loss in the test subjects,
coupled with large nitrogen and mineral losses, and a marked ketosis. (10)

Three studies on complete starvation and restriction of caloric intake,
each lasting 10 days, will be discussed. In the first study, 6 healthy adult males
between the ages of 21 and 52 years were placed on a starvation diet for 10
days. Water was available ad libitum. (13)

The major problems encountered during 10 days of complete starvation
were:

Lar_gehbody weight losses - averaged 7.27 kg or 9.5% of the total body
weight

Highly negative water balances resulting in great body dehydration
Negative nitrogen balances indicating that excessive body protein was
being catabolized

A marked ketosis

Large mineral losses

Abnormal EKG's in all subjects during the experimental phase

mmo N®m »

In the second study, the subjects were 8 young male volunteers who
engaged in an intensive physical training program prior to the onset of the
study. The study consisted of 3 phases: a control period of 8 days, followed
by a 10-day period of caloric restriction, and then an 8-day rehabilitation
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phase. Group | received no mineral supplementation, while Group I was
given mineral supplements. No vitamin supplements were given to any of
the subjects during the caloric restriction period. The diet used ..uring the
restriction period contained 420 cal/day of carbohydrate. Energy expenditure
was maintained at the 3200 cal/day level. The second study was designed to
minimize protein catabolism, decrease electrolyte excretion, eliminate
ketosis, maintain the water balance by feeding a small quantity of
carbohydrates (100 gm), and to observe the effect of mineral supplements on
these metabolic factors. The study showed that mineral supplementation
under the experimental conditions did not affect the nitrogen balance.

The third study, a 500 cal/day diet, showed that 500 calories/day are
inadequate for short term performance. Although they spared water, the
protein catabolism was still a major problem. (13)

According to H. J. Krzywicki, et.al. (1972) in their 420 Kcal study, weight
loss was 15 percent greater when minerals were totally excluded. The losses
were less severe than the 9.5 percent loss observed during the starvation
study conducted by Krzywicki in 1968. The addition of 40 gm of protein to
the diet resulted in losses of 7.6 percent in Group | and 6.5 percentin Group |l
which were not dissimilar from the 8.1 and 5.9 percent losses observed during
the 420 Kcal study. (19, 20)

The weight losses in Group | closely approximated values reported in the
Brozek study (7.7 percent loss after 12 days on a 500 Kcal carbohydrate in-
take). Observations made by Grande, et.al,, show 4.5 percent losses in body
weight when male test subjects were fed a 1000 Kcal/day carbohydrate diet
for 16 days. They also had negative water balances in spite of a 4.5 gm/day
NaCl intake. Therefore, neither the 1000 Kcal, 40 gm of protein, nor mineral
supplements prevented water loss. (6, 16)

The weight loss was calculated to be 65 percent fat in Group | and 59
percent fat in Group !l in the study conducted by Krzywicki (1979). This was
markedly different from the 22-24 percent loss attributable to fat when a diet
of 420 Kcal of carbohydrates was used. Brozek reported that fat loss consti-
tuted 40 percent (190 gm/day) of the total body weight lost. Group ! lost 360
gm/day, while Group Il lost 276 gm/day of fat. This suggests that fat stores
V\r/‘er‘ej mobilized and utilized to a greater extent when protein was added to
the diet.

In the study by Krzywicki, protein values are in agreement with the find-
ings of Brozek who reported that 9 percent of the body weight loss was pro-
tein. In the Krzywicki study, 390 gm of dry protein constituted 7 percent of
the body weight lost in Group | and 8.4 percent in Group |1, in view of the fact
that the protein estimate was calculated as only 20.2 percent of the fat free
mass. Water losses were reduced, but some dehydration occurs with caloric
restriction. In conclusion, during the 500 Kcal/day diet comprised of 85 gm of

carbohydrates and 40 gm of protein, the weight loss was comprised of 59 to

65 percent fat, 8.4 percent of dry protein, and 25 to 28 percent water. (6, 21)

‘Johnson, et.al. (1971), in his Metabolic Aspects of Calorie Restriction Study,

showed that negative nitrogen balances averaged 7.1 and 6.5 gm/man/day,
and no improvement in nitrogen balances was observed. The protein loss
accounted for approximately one-fourth of the weight loss in the experi-
mental group. (17)

The U.S. Army Research Institute of Environmental Medicine, located in
Natick, MA, conducted a study relating nutritional status with the physical
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and mental performance of special operations troops consuming the Ration,
Light-Weight (RLW), or the Meal, Ready-to-Eat (MRE), military field ration.
The study was conducted during a 30-day field training exercise. The MRE is
Jesigned to provide adequate nutrition under operational conditions and
provides 3900 Kcal/day (3 packages, 1300 Kcal/package). The RLW-30 was
designed for special operations that do not permit resupply over an extended
period of time (30 days). A 30-day field test of the RLW-30 ration showed
that the troops were adequately sustained with a minimal weight loss. All
participants stayed within the acceptable weight loss of 6.3% of their original
body weight. The MRE was tested at the same time as a control group and
was found to have sustained the group to within 2.2% of their original body
weight. The significant difference between the weight losses in the study
was that the MRE group lost only body fat, whereas the RLW-30 group lost
both lean body mass as well as body fat. (1)

It has been shown that many abnormalities are associated with long
term starvation. Canadian prisoners of war (POWs), who had been on re-
stricted diet in camps in Singapore and Hong Kong during World War I, were
subjects of a study conducted more than 10 years after they were released.
Some of the most frequent symptoms observed in the study group included:
fatigue with low levels of effort, profuse sweating for no apparent reason,
numbness and cramps in the calf muscles, loss of ambition, poor vision,
edema, dyspnea with even the slightest exertion, depression, anorexia,
nausea, restlessness, irritability, and insomnia. (7)

DISCUSSION

The intended purpose of the Safe Haven Food System is to allow flight
crew members to continue to live and function in space in an emergency
situation. During an emergency, the regular food supply may be inaccessible
by loss of a node or module or rendered unusable by accident, lack of power,
etc., necessitating the use of a contingency food system. The current
provisions for Space Station emergency management are Safe Haven and the
Health Maintenance Facility (HMF), which together include: (15)

Water

Food

Food Preparation Equipment
Utensils

Wipes

Waste Management Provisions
Trash Management Provisions
Personal Hygiene Provisions
Towels

Clothing

Sleep Restraints

Health Maintenance Provisions
Lighting

Exercise Equipment
Communication Equipment
Tools
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First Aid Kit
Possible Space Station emergencies may be caused by:

Fire

Collision with Orbital Debris
Loss of Temperature Control
Loss of Pressurization
Contamination

Loss of Attitude Control
Explosion

Meteoroid Penetration
Grazing Collision
lliness/Injury

Depletion of Consummables
Inadvertent Operation

Should such an emergency occur, a decision would have to be made
either to allow the crew to continue to live on the Station for up to 45 days to
wait for the next launch of the Shuttle, or to return the crew to Earth in a
Crew Emergency Return Vehicle (CERV). The first option would require the
crew to maintain, or regain and maintain control of the Station. If all systems
fail, the decision would be to bring the crew members home safely. Either
decision will require a special food system to maintain the health of the crew
members until a rescue can be completed or the emergency situation is
corrected.

The CERV will be a dedicated rescue vehicle which will be attached to a
node. During a rescue using the CERV, the maximum stay in the vehicle will
be one day in orbit and one day on the ground. The CERV will have sufficient
food and water stowage for a crew of 8 for the two-day period. A menu
needing a minimum of preparation and no preparation equipment will be re-
quired in the small quarters of the CERV. During a rescue mission, use of sur-
vival type food would be a more logical approach than use of a nutritionally
balanced diet. The crew will have no special physical activities which would
require the normal daily food supply of 3000 Kcal. A high density food bar
containing 500 to 900 Kcal should be sufficient to meet the temporary needs.

The rationale of this recommendation is based on:

Weight and volume limitations

Lack of sufficient power

Space available for food preparation
Quality and quantity of food required

onwp

The research findings from the various sources indicate that, during
complete starvation, body dehydration results in conjunction with substan-
tial body weight losses, large nitrogen and mineral losses and marked ketosis.
These findings are not unusual since both the body fat and protein stores
must be utilized as energy sources. The maintenance of normal blood carbo-
hydrate levels requires a known quantity of protein breakdown. A low anti-
ketogenic diet and adequate mineral supplements could prevent the marked
ketosis, minimize protein catabolism, maintain fluid balance, and decrease
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the electrolyte excretion. The large losses of total nitrogen in urine during
caloric restriction are still indicative of catabolism of body protein for gluco-
neogenesis and energy. Studies have indicated that the body has labile stores
of protein reserves which are readily lost during adaptation to low protein or
low caloricdiets. (8,9, 11, 18)

The recommended Space Station menu developed by the Food Supply
and Service System study team conforms to the current Government
nutritional guidelines, and contains as a minimum:

A. Fourservings of fruits and vegetables

B. Two servings of meat, poultry, fish, or vegetable protein equivalent

C. Fourservings of grain based (cereal) foods, with an emphasis on whole
grain foods where possible

D. Two servings of milk or its calcium equivalent

(see TABLE | -RECOMMENDED DAILY DIETARY ALLOWANCES OF NUTRIENTS)
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TABLE | - RECOMMENDED DAILY DIETARY ALLOWANCES OF NUTRIENTS

DAILY ALLOWANCE (1)
NUTRIENT
MALES FEMALES
Kilocalories, kcal 2300-3100(2) 1600-2400 (2)
Protein (3), g/kg 0.8 0.8
Vitamins
Thiamin, mg 1.4 1.0
Riboflavin, mg 1.6 1.6
B6, mg 2.2 2.0
B12, ug 3.0 3.0
Folacin, 4g 400 400
Niacin, mg 18 13
C, mg 60 60
A,ug, (as retinal equivalents) 1000 800
D.u g (as cholecalciferol) 5 5
E, mg (as tocopherol equivalents) 10 8
Minerals
Iron, mg 10 18
Calcium, mg 800 800
Phosphorus, mg 800 800
Magnesium, mg 350 300
Zinc, mg 15 15
lodine,u g 150 150
ESTIMATED SAFE AND ADEQUATE INTAKES FOR ADULTS
Vitamins
Pantothenic acid, mg 4-7
Biotin,ug 100-200
Kpmg 70-140
Electrolytes
Sodium, mg 1100-3300
Potassium, mg 1875-5625
Chioride, mg 1700-5100
Minerals
Manganese, mg 2.5-5.0
Selenium,ug 50-200
Molybdenum, ug 150-500
Copper, mg 2.0-3.0
Chromium,M g 50-200
Fluoride, mg 1.5-4.0

Allowances.

(1) Allowances are for adults, age 23-50

Levels of nutrients are based on the NAS, NRC, and the Committee on Dietary

(2)
(3)

Kilocalorie allowance may vary depending on body size, weight, and work load.

Includes a balanced (nonlimiting) level of the nine essential amino acids, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and
valine.
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Current research findings of the nutritional requirements of man in

space, and ground based studies on the impact of restricted diets on the sur-
vival of human life indicate that there is a crucial need to recommend a nutri-
tional guideline for Safe Haven foods for longer duration use. The Safe Haven
menu should follow as closely as possible the recommended daily allowances
(RDA). (15,22)

1.

NUTRITIONAL REQUIREMENTS

Recommended dietary composition and special considerations during

Safe Haven:

The large losses of total nitrogen in urine during caloric restriction are
still indicative of catabolism of body protein for gluconeogenesis and
energy. Therefore, a minimum of 10 percent protein (40 gm) should be
included in the Safe Haven Food System. A limit of up to 10 percent
protein can minimize the water intake required.

During complete starvation, significant metabolic stress can develop
which eventually may lead to serious abnormalities such as: body dehy-
dration, nitrogen loss, mineral loss or a marked ketosis. Hence, the Safe
Haven Food System should be comprised of at least 60 percent (300 gm)
carbohydrates which may prevent ketosis and other abnormalities. The
addition of 40 gm of protein to the calorie restricted diet may also
increase the utilization of fat.

A body weight loss is normally attributed to a calorie restricted diet.
Brozek reported loss of fat contributed 40% of the total body weight loss
in his low calorie carbohydrate diet. Therefore, at least 30 percent (66
gm) fat should be included in the Safe Haven Food System. (6)

The moisture content of each food item deserves consideration as a
natural source of water to maintain body fluid levels.

Preparation time is an important criteria in the selection of food items
for Safe Haven.

TABLE It - PROPOSED FOOD MIX & FOOD TYPES

PERCENT OF PERCENT OF
FOOD MIX FOOD TYPE FOOD ITEMS BEVERAGE ITEMS

50% MRE THERMOSTABILIZED 50-60 ---

50% WITH MINIMUM | INTERMEDIATE 20-30

PREPARATION MOISTURE/NATURAL

FORM

REHYDRATABLE 15-20 100
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The appearance, odor, flavor, and familiarity of Safe Haven Food for
Space Station should be comprised of typical Earth-like characteristics, but
not limited to it under the special circumstances. It must be of optimum
utility and also have choice in menu selection on board the Space Station. A
minimum of 7 and possibly of a 12-day menu cycle is also suggested criteria
for Safe Haven.

According tothe Manned Module Configuration, there will be Hab and
Lab in Space Station. In the Lab section of Space Station, a possible sugges-
tion is to keep a food warmer like Shuttle’s to provide a facility for minimum
food preparation. Therefore, determination of percentage of power utiliza-
tion during food preparation at minimum rate needs to be studied. An easy
access to food, water, and accessory hardware items should be facilitated by
the system. A specific routine inventory should be required for leakage,
bulges, tears, and other anomalies in sufficient time for each resupply
mission. (15)

The characteristics and discussions about possible Space Station Safe
Haven Foods (Emergency/Survival) are as follows:

TABLE Ill - MAJOR CHARACTERISTICS OF CANDIDATES

RATION PROPERTY OF FOOD CONTENTS

Thermostabilized

Contains Water

Palatable

Ready to eat

84-month maximum storage at 70
degrees F

Meal ready to eat (MRE)

Dehydrated

Low volume

No water - needs water source
36-month storage at 100 degrees F

Ration lightweight 30 days
(RLW-30)

Nutritional sustainment
module (NSM)

Dehydrated

Low volume

No water

High calorie value

Thermostabilized
Dehydrated

Shuttle foods (emergency
survival ration)

MRE (Meal Ready-To-Eat)

The Meal Ready-To-Eat provides individual meals containing food com-
ponents that are ready to eat under conditions precluding preparation,
except reconstitution of beverages. The MRE was developed for use in a
combat zone. The MRE has 12 different menus which could serve a 12-day
menu cycle of Space Station Safe Haven. After consideration and evaluation
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of its quality characteristics, MRE foods could be possible candidates for Space
Station Safe Haven Foods. The minimum limited shelf life for all emergency
food types under Space Station stowage conditions is 3 years, but a recom-
mendation of 7 years or more is possible. Therefore, more ground based
studies under recommended optimum conditions are advisable. (1, 15)

RLW-30

A 2000 Kcal light weight ration (RLW-30) was tested as the sole source
of food for 30 continuous days during a Special Forces field training exercise.
Medical examinations did not reveal any serious medical problems, and there
was no evidence of direct ill effects from the ration. Some members of the
RLW-30 group noted trace urinary protein loss. Nutrient intake was ade-
quate to meet military dietary allowances. The macro nutrients are inten-
tionally reduced in the ration to meet size/weight constraints and reduce the
water burden of the ration. Studies have not yet been completed on the
limited life of the RLW-30. Therefore, a ground based study on longer shelf
life beyond 7 years will be recommended. (1, 15)

Nutritional Sustainment Module

As currently specified, the Nutritional Sustainment Module (NSM) repre-
sents an entirely new concept for achieving compactness, convenience, and
nutritional reliability in a combat ration. This has been developed to meet
the challenge of the 21st century’s stressful war environments. It is of the
highest possible caloric density, approaching 7.1 Kcal/cc. A dismounted sol-
dier will be able to easily carry a 3-5 day food supply meeting the 3600 Kcal
daily requirements. Another objective of the NSM is optimum utility, con-
summable on the move without any preparation, and modular in design. For
example, a 900 Kcal module would be able to combine with others to form
rations of 1800, 2700, 3600, 4500 Kcal to meet specific combat scenario
requirements.

A field test was conducted on the NSM 900 Kcal module. The positive
characteristics of these rations are that it is compact, light, easy to carry, and
easy to open for consumption. A module demonstrator has been developed
with the following characteristics: 900 Kcal, 160 cc, 150 gm, 5.6 Kcal/cc, and
6.0 Kcal/gm. This demonstrator module exceeds the design criteria for caloric
density, and represents an 86% reduction in the cube and a 70% reduction in
weight over the current MRE.

The available shelf life of NSM as of today is 3 years. With the advance-
ment of new technology in food science, a shelf life of NSM beyond 7 years is
possible for subsisting in the battlefield of the future. (2)

Shuttle Foods
A few selected high density Shuttle foods are also future candidates for
Space Station Safe Haven food service system. (15)

The Food Development Lab of the Johnson Space Center at Houston
conducted the various studies regarding stowage volumes and weight for
potential Safe Haven Foods for a 45-day supply. Table IV indicates the results
of the study. (3,4,5)
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Safe Haven Foods will be used only when there will be no Crew Emer-
ency Rescue Vehicle (CERV) available and will allow 8 crewmembers to live
or 45 days. A Nutritional Sustainment Module (NSM) can be used for CERV

because of its preferable characteristics: compact, light, easy to open for
consumption, and longer shelf life. In this paper, a 45-day mission was
emphasized to establish the nutritional requirements for the Space Station
Safe Haven food supply. An optional plan is under consideration for a more
extended mission. Option | is the 45-day survival mission. Option Il will be
discussed as follows:

OPTION Il

ASSUMPTIONS:
--Eight crew members
--Ninety-day duration - possible duration up to 180 to 235 days
--Two crew members will be assigned to perform extravehicular
activities (EVA)
--All crew members will have IVA
--Induced reduction metabolic rate for crew members
--Available recycling water
--Stowage unknown
--High density foods will be used; Nutritional Sustainment Module
(NSM) is a possible candidate
--Shelf life of food should be beyond 7 years

In Option Il, ground-based research needs to be done to observe the
cause and effect of an induced reduction in the metabolic rate. A mission of
180 to 235 days would be possible using different methods of reducing meta-
bolic rates in human beings. This may involve the use of new developments
in medical science. There are several methods which can be used for reduc-
tion in metabolic rate, i.e., decrease activity, sleep medication on a chronic
basis, meditation, and others. The results of the ground-based studies will
help to understand the percentage of reduction in the metabolic rate and
will aid in planning and establishing nutritional needs for the future crew
members of Space Station in similar situations.

In various research studies, the results indicate that starvation for 10
days can cause large body weight loss, high negative water balance resulting
in body dehydration, negative nitrogen balance, a marked ketosis and abnor-
mal EKG during the experimental phase; human performance remains re-
markably good even under suboptimal nutrient intake for periods up to 24
days. (12, 14, 18) Therefore, if the crew members of Space Station plan to
survive in an emergency situation for 180 to 235 days with minimum nutri-
ents, an above mentioned alternative medical and nutritional plan needs to
be under consideration. A temporary induced reduction in metabolic rate
will minimize several problems in the contingency plan and will help to
establish the nutritional needs for the crew members for longer durations.
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SUMMARY

The concept of Space Station Safe Haven is to sustain 8 crew members
under emergency conditions for 45 days. After careful study of different
research findings in respect to starvation and calorie restricted diet, a mini-
mum nutritional need close to the RDA is an important factor for sustaining
an individual’s life in a stressful environment. Fat, protein, and carbohydrates
are three energy producing nutrients that play a vital role in the growth and
maintenance process of human life. A lower intake of protein can minimize
the water intake, but it shows significant effects of negative nitrogen balance
and the lower performance level of the individual. Other macro and micro
nutrients are also required for a nutritional interrelationship by allowing the
first three nutrients to work in the body up to their optimum level. There-
fore, 2000 Kcal Space Station Safe Haven Emergency/Survival food is recom-
mended on the basis that 10% Kcal should come from protein, 60% from
CHO, and 30% from fat, for 45 days.

FUTURE RECOMMENDATIONS

1. Adaptation training for different calorie restricted diets, e.g., 300 Kcal
up to 900 Kcal.

2. Psychological testing for Space Station crew members concerning
calorie restricted diet, as well as psychological impact from the absence
of normal daily diet. :

3. Physical training (i.e., exposure) regarding the stress and fatigue
associated with significantly calorie restricted diet.

4.  Study the crew members on the basis of mass and sex, and their impact
on consumption of daily food in comparison with standard male and
female size.
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ABSTRACT

A promising microcomputer configuration for the Spacelab
Life Sciences Laboratory Equipment inventory consists of
multiple processors. One processor is reserved for the
principal investigator's use, with additional processors
dedicated to real-time input and output operations. A
simple form of such a configuration, with a processor
board for analog-to-digital conversion and another
processor board for digital-to-analog conversion, was
studied. The system used digital parallel data lines
between the boards, operating independently of the system
bus. Good performance of individual components was
demonstrated: the analog-to-digital converter operated
at over 10000 samples per second. The combination of the
data transfer between boards with the input or output
functions on each board slowed performance, with a
maximum throughput of 2800 to 2900 analog samples per
second. Any of several technigues, such as use of the
system bus for data transfer or the addition of direct
memory access hardware to the processor boards, should
give significantly improved performance. '



INTRODUCTION

The Life Sciences Laboratory Equipment (LSLE) inventory
for the Spacelab includes a microcomputer for high-speed
acquisition of Life Sciences experimental data (both
analog and digital). This computer provides the vital
link between Spacelab experiments aboard Shuttle missions
and the Science Monitoring Area in the Life Sclences
Project Divison building at the Johnson Space Center.
The LSLE microcomputer sends the real-time data, in
digital form, properly formatted, to the High Rate
Multiplexor (HRM), which in turn transmits the data to
Earth via communication (TDRSS) satellite. The current
LSLE microcomputer is based upon compatibility with the
PDP-8, and thus no longer meets the goal of being
compatible with systems familiar to principal
investigators in the life sciences.

Requirements for a replacement LSLE microcomputer include
providing all of the data acquisition, HRM downlink, and
experiment control functions of the current machine.
Additional capabilities needed include better and more
extensive displays in the Spacelab, faster data sampling
rates, extensive data storage for use with mid-deck
experiments (no HRM downlink available for missions not
carrying the Spacelab), greater speed, more memory,
compatibility with modern computer systems (such as the
IBM PC) familiar to principal investigators, and the
ablility to be programmed using higher level languages.
The design should be based upon commercially available
boards and a recognized backplane bus to connect themn.
Custom hardware should be avoided (HRM interface-
excepted).

Of the possible system architectures, a multiple
processor (CPU) approach seems to offer the greatest
promise. By use of separate CPU's for data acquisition
and control (for example, analog-to-digital conversion or
output to the HRM), a "master" CPU board could be
reserved almost entirely for the principal investigator's
use. Expansion would have minimal impact on the original
parts of the system, as additional processors would
handle the additional data acquisition load. This
modularization would facilitate software and hardware
maintenance. It would allow on-going replacement of
obsolete components at the board level, without
significantly disturbing other parts of the system.



EQUIPMENT USED

The Intel 8088 processor and boards using this processor
were chosen for compatibility with familiar
microcomputers (such as the IBM PC) and because of the
availablility of a wide range of software, including
programming languages. The STD bus was selected because
of the significant number of processor and other STD bus
boards available from several vendors. Boards meeting
the STD bus standards are also of relatively small size.
To demonstrate the concept of the multiple processor
configuration, a simple case was studied. Thils system
consists of a master processor board (with memory),
reserved for the principal investigator's use, and
additional processor boards (with separate memory) for
use with peripheral devices. Each peripheral board also
contains an interface for real-time modules attached to
the board by means of the Intel iSBX connector. Data
transfer from memory on the peripheral boards to other
boards can be accomplished using the STD bus (but only by
the master processor board, as the peripheral boards
canfiot control the STD bus), or independently of the
master board using a separate external direct parallel
interface. One board is equipped with a multi-channel
analog-to-digital converter, the other with a
digital-to-analog converter. The digital-to-analog
converter served as a representative output device,
chosen here as a simpler and more readily available
output device compared the HRM, while involving the same
process of accepting data from another board in the
system. In the final system, many additional boards will
be needed, including digital-to-analog converters and a
custom HRM interface board, as well as digital input and
output interfaces. Each would be contained on its own
dedicated processor board on the STD bus.

For the small scale demonstration system studied, Table 1
lists the equipment used. The master CPU, not listed in
the table, was not actually used, as it was not needed
for the peripheral board to peripheral board data
transfer (STD bus lines were not used for this). Rather,
each peripheral processor board comes with the Intel 8256
parallel input/output chip, which provides a means of
independent data transfer, complete with interrupts and
"handshake" control signals.



TABLE 1

EQUIPMENT USED

HARDWARE

Ziatech 8862 Card Cage and Power Supply (STD bus)

Ziatech 8830 Intelligent I/0 Control Processor Board
for STD bus (2 used)

Data Translation DTX311] Analog-to-Digital Converter
module

Data Translation DTX328 Digital-to-Analog Converter
module

personal computers (2 used) for downloading programs
to the Ziatech 8830 boards and debugging them
on-board.

oscilloscopes for displaying analog output and
parallel transfer handshake signals.

function generator for analog input signals.

SOFTWARE

Ziatech 8830 software (and ROM's) to provide program
loading and debugging on-board, using the
personal computer and the 8830 serial port.

Microsoft C Language, version 4.00

Microsoft Macro Assembler, version 4.00

Microsoft Linker (loader), version 3.51

Mircosoft MS-DOS operating system, version 3.10

(The Microsoft software was run on the personal
computers to develop code for the Intel 8088
processor on each Ziatech 8830 board.)

COMPANY ADDRESSES

Data Translation Microsoft Corporation
100 Locke Drive 10700 Northrup way
Marboro, MA 01752 Bellevue, WA 98004
(617) 481-3700 (206) 882-8089

Ziatech Corporation
3433 Roberto Court
San Luls Obispo, CA 93401
(805) 541-0488



SOFTWARE DEVELOPED

Prior to developing a complete system of routines for
analog-to-digital conversion and data transfer out from
one board, and data transfer in and digital-to-analog
conversion on the other, individual functions were
checked out. In all cases, software consisted of a main
program, in C, calling functions (subprograms) written in
8088 assembler. All software developed is available from
either Don Stilwell, mail stop SE3, NASA Johnson Space
Center, Houston, Texas 77058, or from Peter Bartram,
Division of Engineering, Norwich University, Northfleld,
Vermont 05663, by sending an MS-DOS formatted diskette.

In testing the Intel 8256 parallel Iinterface chip (part
of each board), the external interrupt was successfully
used. Routines for the use of the 8256 for parallel
transfer with handshake were coded first without use of
interrupts by poiling the handshake signals. However,
the handshake pulse on the receiver side is short,
independent of program instructions, and can be missed
between execution of polling instructions. Therefore the
interrupt signal was polled instead, even though
interrupts were not enabled. Routines were also coded to
make full use of the 8256 chip interrupts for handshake
parallel transfer, and these were used in later work.

The Data Translation DTX328 digital-to-analog (d/a)
converter used does not implement any of the interrupt
capability avallable to modules attached to the selected
peripheral processor board. Thus, for the d/a, only
polling techniques were used. The DTX311l '
analog-to-digital (a/d) converter does allow for
interrupt use to signal end-of-conversion. Separate a/d
routines were prepared, one using polling only, the other
making full use of the interrupt. When combined with
parallel transfer, the a/d interrupt is given higher
priority by the interrupt controller in the 8256 chip.

For testing system throughput, three software
combinations were prepared. All three used the parallel
transfer with handshake implemented with interrupts. All
three used two data buffers - while one was belng sent
(received), the other was being prepared (used),
switching back and forth between them.

The first package made no use of the analog-to-digital
converter. Instead, the sending board created and sent
data which represented 1024 values per cycle of 3 ramp



functlon. The recelving side used both the
interrupt-based parallel transfer input and
digital-to-analog conversion to output the ramp. The
parallel transfer portion allowed for "extra" data to be
transmitted and received - the first two bytes in each
buffer were used for analog output, but additional bytes
could be sent and received, though not used. This
provided a means to determine how the d/a output rate
would be affected by the board to board transfer.

The second software package added analog-to-digital
converter support, with polling (matching the d/a on the
other board). 1Interrupts were used for parallel transfer
only. To examine the effect of converslion speeds and
parallel transfer rates on system throughput, the number
of a/d converted values contained in each buffer could be
varied, and the number of bytes in the buffer actually
transmitted could also be changed. As in the first
package, only the first value in the buffer recelved was
converted by the d/a on the other board. For example,
ten samples a/d could be taken, two of them (four bytes)
sent. After receiving all four bytes, only two bytes
(one value) would be used for d/a output. By varying
these two parameters, an examination of how the different
functlions affected total throughput was possible.

The third package differed from the second only in that
the analog-to-digital converslion software made full use
of the priority interrupt system. While thils introduced
higher overhead in servicing the a/d, it prevented
service of the parallel transfer from locking out a/d
service (except for short perliods at the beginning of
servicing the parallel transfer interrupt).



RESULTS

In evaluating throughput, the d/a output was monitored
using an oscilloscope. For runs using both a/d and d/a
converters, the analog lnput (from a function generator)
and the parallel transfer handshake signals were also
oscilloscope monitored. Conversion rates were computed
from waveform periods (handshake signals) and time for
"steps" in the d/a "stairstep" output. Figures presented
here are accurate only in the first, occasionally second,
significant digit, as the reading of the oscllloscope
traces was often difficult.

For the digital-to-analog converter combined with
parallel input, the maximum rate was 3600 samples output
per second, which compares favorably with vendor claims.
However, the conversion rate declined significantly with
the recelving of additional data via parallel transfer.
when four bytes were received (instead of two) and a very
brief check for missing data was made using the other two
bytés, output dropped to 2500 samples output per second.
The rate dropped more with additional data transferred.

For the complete system, with each a/d value transmitted
(two-byte buffers) and re-converted with the d/a on the
other board, the throughput was 2500 samples per second
without use of a/d interrupts, and between 2800 and 2900
samples per second with full use of available interrupts.
However, it was shown that the analog-to-digltal
converter was capable of much faster rates when little
parallel output was required. Rates up to about 7500
samples per second with no a/d interrupts, greater than
10000 samples per second with full interrupt use, were
obtained. These rates were attained by transmitting only
one sample in 100, and calculating the a/d rate from the
d/a output. 1In this case, negligible processor time was
spent in parallel transmission.

when more a/d values were transmitted to the d/a
processor than were used by that board (though received),
a similar decline in throughput was noted. For example,
sending three a/d conversions for every one actually d/a
converted resulted in an a/d conversion rate of 3700
samples per second without a/d interrupts, 4100 samples
per second with a/d interrupts.



CONCLUSIONS AND RECOMMENDATIONS

As component speeds were signiflcantly higher in
isolation than when combined into a single system, it is
concluded that the processor instruction time necessary
to service both the real-time modules (a/d, d/a) and the
parallel transfer is limiting. This is also supported by
estimating the number of clock cycles needed for the
necessary code compared to the number of clock cycles
available between samples at desired conversion rates.
Some improvement can be achleved by emphasizing timing
(rather than good programming techniques) in preparing
code. Operation of the parallel transfer without
interrupts would save the overhead time of processing the
interrupt (register saves and restores, etc.), for
example. While using interrupts for the a/d increased
throughput, 1t did so in spite of more instruction clock
cycles required, by preventing the parallel transfer from
taking priority over the a/d service. Use of real-time
hardware modules which do not require as much software to
serVice would also give some improvement. Substitution
of a faster processor, such as the NEC V20, which is pin
compatible with the Intel 8088 but five to ten per cent
faster for the same clock rate, would also give marginal
improvement.

More significant gains require removing some of the
input/output overhead. For board to board transfer, the
STD bus could be used instead of the 8256 interface.
This would require the transfer to be programmed through
the master processor, as the peripheral processor boards
cannot control the STD bus. This would remove much of
the parallel transfer code from the peripheral
processors, but the master would no longer be totally
dedicated to the principal investigator. Because direct
memory access (DMA) is avallable on the master board
considered, the overhead for the master would be much
less than on the peripheral processor boards.
Alternatively, DMA could be added to the peripheral
processor boards. The possibility of designing a
"piggyback" module adding appropiate DMA hardware lis
worth investigating. By reducing the involvement of the
processor in moving data between memory and the 8256
parallel interface chip for board to board transfer, the
processor would have more time to service the real-time
modules at design conversion rates.

The potential is great for major gains over the present
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LSLE microcomputer. The multiple-processor approach is
s5till the most attractive, because of the conceptual
advantages of sharing work among many units. Further
study should provide the means to improve significantly
the data throughput rates.
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ABSTRACT

The main thrust of this work has been to analyze basic hand grips and sensor interactions
that a dextrous robot hand will need as part of the operation of an EVA-Retriever.

The work focused on understanding what is to be done with a dextrous robot hand and
how such a complex machine might be controlled. It was assumed throughout that an
anthropomorphic robot hand should perform tasks just as a human would; that is to say,
at least initially, the most efficient approach to developing control strategies for the hand
would be to model actual human hand actions and do the same tasks in the same ways!.
Therefore, a Heuristic approach to control was developed.

The tasks performed by human hands are extremely complex involving the movement of
many fingers and joints and contact between numerous surfaces, that is, contact at an
infinity of points. In addition, multiple sensors including force/touch, vibration, shear and
sometimes heat must be taken into account. Each movement and task involves a
multitude of these force/touch interactions and a number of sub-sequences and events, the
aggregate of which, can only be termed a skill. In addition, I have tried to understand just
what is to be done with a dextrous hand. Therefore, basic hand grips that human hands
perform, as well as hand grip actions were analyzed.

It was also important to examine what is termed sensor fusion. This is the integration of
various disparate sensor feedback paths. These feedback paths can be spatially and
temporally separated, as well as, of different sensor types. Neural Networks? are seen as a
means of integrating these varied sensor inputs and types. Basic Heuristics of hand
actions and grips were developed. These Heuristics offer promise of control of dextrous
robot hands in a more natural and efficient way. Emphasis was also placed on possitle
methods of implementing these techniques. Future work will be to continue development
of routines and Heuristics and use them to control the Utah/M.LT. dextrous robot hand.
A smart robot hand, one that can adapt to new situations and develop new skills is a goal
of researchers working with dextrous robot hands. It is an ultimate goal that a smart hand
will be able to develop its own Heuristics which will make its operation and use even
more efficient and its control more simple.
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Introduction

The EVA-Retriever

The EVA-R will evolve into a completely autonomous mobile robot. The robot will be
used for retrieving objects which have floated free from Shuttle or Station and will secure
or stabilize objects as need be. EVA-R can be used to assemble structures and as a
general Astronaut’s assistant. The robot will have a vision system and possibly some
form of laser ranging device. It is expected that the EVA-R will be able to recognize tools
and other objects and upon voice command locate, identify, track and retrieve them.
EVA-R will ultimately use tools to perform work assignments.

Figure 1. Extra Vehicular Activity-Retriever (EVA-R)

As can be seen in figure 1., the EVA-R will reside in an MMU and will have two. arms.
At least One arm will have a smart dextrous hand like the Utah/M.L.T. hand.

An autonomous mobile robot will require several new and emerging technologies.
These include :

1. Neural Networks which have been trained to identify and interpret sensory input.

2. Al languages such as CLIPS that can interface with the neural networks and be
programmed to deliver higher level commands to the robot and aid in task planning
and execution.

3. Dynamic adaptive task planners** which can make decisions based on sensory
information, task safety, present and evolving conditions, changing goals, and
previous experience.
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4. The robot must have the ability to learn from its experiences and discard useless
information. This type of learning by the robot may possibly be implemented through
neural networks.

5. Dextrous hands for using tools and performing skilled tasks.

6. Touch sensors and vibration/feeling sensors incorporated into the hand at appropriate
places.

7. Vision sensors and ranging sensors for navigation and identification of objects.

8. Voice Recognition and understanding so that it can carry out command given by an
Astronaut.

Development of Neural Network technology is key to the the implementation of a fully
functioning autonomous mobile robot. Whether the neural networks are hard-wired or
simulated they will require faster chip computational speeds and large amounts of
nonvolatile memory. The various components of the robot must have separate and
parallel networks. The hand will have neural networks for sensing which will be distinct
from the vision networks and voice recognition networks. A guidance navigation and
balance network would be used to integrate and interpret the various outputs of the other
nets. Layered between the networks would be an Al language such as CLIPS. A top or
overseeing Al layer would manage the robots activities.

The Utah M.L.T. Dextrous Robot Hand

Figure 2. The Utah/M.LT. Dextrous Robot Han

The Utah/M.L.T. dextrous robot hand is a four fingered hand with each finger having
multiple joints. This includes one thumb which opposes the three fingers. There are three
joints in each finger which serve to curl the finger, and one base joint which rotates the
entire finger back and forth in the plane of the palm. The hand is capable of graceful and
delicate movement just as a human hand is and, therefore, can perform many human hand
actions.




Findings

Kinematics

To study control strategies and simulate hand actions a kinematic solution of the hand
was sought. A typical finger is considered and can be referred to a single point or
coordinate system in the palm. Using the Denavit-Hartenberg notation, the position and
orientation fingertip is expressed as a series of matrix transformations.

Figure 3. FINGER KINEMATIC STRUCTURE

The transformation from the reference coordinate system (X,.Y,Z,) to a typical fingertip
(X,Y2,Z,) is given by

The fingertips position and orientation are given by :

(1) T=AAJAZAJAACAS

A}-! are matrix transformations that give the coordinate system at point i along link /; from
i-1th joint i-1 to ith joint %6. Since A and A; are constant matrices let

@) T =@AA)'T

nl tx bx PX
« |n, t, b, P
3) T°=|"? 7 v "»
( ) nt tx bt Pl
0O 0 0 1
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The upper left hand 3x3 contains the direction cosines that give the orientation of the
fingertip and the first three elements of the fourth column give the position of the
fingertip from the (X,,Y,,2,) coordinate system.

Using the Denavit-Hartenberg Notation a homogeneous transformation from the i-1th
joint to the ith joint along link / is :

cos®, -—sinB;coso; sin§;sina;  g;cos;

A = sin®, cos6,cosa; —cosH;sine a;sinb;
' 0 sin o cos oy d,
0 0 0 1

where 6, is a rotation of the revolute joint i, 4 is for a prismatic joint (here = 0), g; is the
link length, and o is the link twist. For a typical finger
cos®, -—sin®, O [ cosH,
sin®, cos®, O [sin6,
0 0 1 0
0 0 0 1

A=

0,8, are constant. o,=0,0,=n722 and ,=0. For convenience 6,=0. Then o,=6,. Also,
0, = 30° and a, = 0. Therefore, 4] is a constant matrix.

cos®, 0 sin6, O) 1 0 0 A
Al = sin, 0 =-cosB, O A2 = 0 cos®, -sinB; O
2 0 1 0 0 i 0 sinB; cos6; O
o o 0 1 0 0 0 1
and fori = 4,5,6,7 the transformations and their inverses are ’
cos®;, -sin®;, O [cosH, cos®, sin®, 0 -/
Al = sin®, cos®, O /[sin6, @ :-,)-1 _| —sin 6, cos6, 0 O
0 0 1 0 0 0 1 0
0 0 0 1 0 0 0 1
from (2.)

T =AZAJAJACA;

Postmultiplying both sides by ™ yields.
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T'(A5)" = AJAJAA;
Premultiplying both sides of the equation by )" equating both sides and solving for 6,.

AT A =AM

cos04(P, —Lin,) —sin6,(P, - Ln ) =0

P,-Ln
0, = tan™| 2%
3 (P,-—I-;n,)

Solving for 6, . Let

W=(A242) T =AASAS

AW =AAS

Equating sides evaluating and solving yields :

W.
6, = tan”'[ ==

Solving for 64,8, in a similar fashion.

A" AW = A

0. = tan” Wi3c0s 05+ Wo,sin O
=tan "
6 W3 sin 5+ Wy, cos 65

Taking the ratio of the 2,4 term to the 1,4 term and solving yields :

0. = tan™! P, (cos O5cos B4 - sin B5sin B¢) — P,(cos B sin O + sin B5cos B;) + 5 sin B4
’ P,(cos 85c0s ¢ — sin 85 sin B¢) + P, (cos O sin B + sin 05 cos Bg) — Is cos O — I

In the above relations :
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W,y =b,cos8,+b, cos8,sin6,+b,sinB;sin6,

Wy, =—=b,sin8,+ b, cos8,cosB,+b,sin6;cos 8,

Transforming back to the base coordinate system (X,.YoZ,) from the (X,¥,2,) coordinate
system.

B, =c0s0,(B,,c0s 0, + B ,5in8,) +5in 6,(B,,cos 6, ~ B,,sin )

B, =cos6,(B,,sin8, - B ,cos0,) +5in ,(B,,cos 6, + B, sin 6,)

P, =c0s0,(P,,cos8,+ P ,sin6,) +sin 6,(P ,cos 0, — P osin6,) — 1, cos O,
P, =c0s8,(P,,sin0,— P ,c0s6,) +sin 9,(1’,,‘0 cos6,+P ,sin0)) ~ 1/ sin 0,
N, =c0s0,(N,(c0os0,+ N ,5in 8,) + sin 6,(N,,c0s 0, =N 4sin 0,)

N, =c0s8,(N,,sin8, =N (c0s8,) +sin 6,(N,,cos 8, + N, 5in 6,)

B,=B,, , N,=N, , P,=P,

y

The Thumb is opposite the fingers operates in an opposing direction.
In this case :

0,=§,+m, 6,=m2.

Traditional Kinematics Versus the Heuristic Approach

Traditional mathematical approaches involve dynamic modeling with the equations of
motion. These models solve for end effector orientation, position, motions, and forces;
also joint angles and torques. This is feasible for robots and machines with few degrees of
freedom and simple geometries. However, Even for relatively simple robot mechanisms,
the mathematics can be intractable. The complexity of a dextrous robot hand and the need
to include smart and adaptive control suggests the use of heuristic methods. Asada and
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Slotine® page 185 state, " ... very few manipulators are capable of such seemingly simple
tasks as driving a screw or turning a crank." They were discussing a class of problem
called Compliant Motion control which they define as " ... concerned with the control of
a robot in contact with its "environment" - an object to manipulate or assemble ...".

The difficulties of compliant motion control when there are only a few points of contact
between the manipulator and the work piece further point out the futility of using
traditional mathematical approaches. This is especially true when a dextrous hand is
concerned and there are an infinite number of points, indeed surfaces, which are in
contact with an object being manipulated. A purely mathematical approach would require
major breakthroughs and brand new insights.

As further evidence, Jacobsen, co-inventor of the Utah/MIT hand 4, in his speech to the
Space Operations Automation and Robotics SOAR Conference at NASA/JSC August 6,
1987 stated of the dextrous hand he had created, "we really don’t know how to control
these things". He went on to state that you must understand what it is you really want to
do with them. For example, what is a grip and how do you do various grasps.

Insight into the efficient performance of manipulator tasks is easily obtained by close
observation of ones own manual skills and abilities. The proper placement and number of
contact sensors is important. It is also of primary importance to examine the issues of
what is termed sensor fusion. This is the integration of various disparate sensor feedback
paths, spatially, temporally and sensor type (touch and vision for example).

The Heuristic Approach

Webster defines heuristic as follows : Serving to guide, discover, reveal. Valuable for
stimulating or conducting empirical research but unproved or incapable of proof.

Used here, it is the development of Al techniques to control ROBOT devices. Heuristic
approaches offer advantages in that they allow controlling the robot hand in human-like,
complex operations and motions which are difficult if not impossible to describe in a
mathematical fashion at the present time. They involve developing rules of thumb and
implementing them in an Al sense. This does not rule out the melding of traditional
control and mathematical structure with Al-control,learning and expert system supervi-
sion’. There could be control on a machine or low level by kinematic and dynamic
analysis with Robustness and flexibility supplied by expert systems. An implementation
might involve the use of neural networks for low (machine) level control. Neural nets
would develop skills in performing tasks in a fashion similar to the development of
dextrous skills in a human. The ultimate test of a particular implementation will be the
ability of the robot to perform tasks in new and unfamiliar situations and the ability to
make judgement type decisions when needed.

3-9



Classification of Hand Actions

An understanding of how a hand performs a particular task is gained by understanding
what those tasks are. Hand Actions are developed as a means of classifying the various
tasks to be performed by the dextrous robot hand.

After an object has been gripped, there are many actions that are possible. A few basic
actions that the hand will have to perform are listed below.

 Holding : Maintenance of a grip

o Pulling :  Grip + Holding + Force in the direction of the wrist

« Pushing : Contact with an object + a Force away from the wrist

* Feeling : Contact with an object to discover its characteristics.

« Rotating : Grip + Wrist rotation accompanied by a possible sinusoidal

movement of the fingers.

o Turning :  Grip + Force in the direction of the palm and perpendicular

(wrench) to the wrist axis.

Common among hand actions are grips. To understand how to perform the various
hand actions listed above it is necessary to first study grips and grip primitives. These
are basic contact configurations that a dextrous hand must be capable of performing.

Classifications of GRIPS

« Gripping : is the act of securing an object with the hand.

» Grip : A grip which is used to hold an elementary object or
Primitive object type and is distinguishable from other grips by a
unique geometric pattern of the fingers.

» Elementary : From a gripping point of view , all objects are
Object composed of elementary objects such as cylinders,
spheres,large planar surfaces, etc.

Grips can be divided into states that are generally distinguishable from each other by
their geometry, function or some combination thereof. A grip for an object type can
be scaled within limits as a function of object size. A heuristic can handle the break
down of scaling.
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Spherical and Cylindrical Grips

I ELEMENTARY GRIP PATTERN CHART

1
| OBJECT FINGER/JOINTin°| 0 | 1 | 2 3 ﬂ
CYLINDER |THUMB 0 o 0 )
ROD FINGER 1 o " " "
FINGER 2 " " " " I
FINGER 3 " . L " ﬂ
CYLINDER |THUMB 45 | 0 o[ o
LEVER FINGER 1 o o o o |
FINGER 2 N " "
FINGER 3 " " " "
SPHERE  |THUMB | 0 | ¢ | ¢ | o
| FINGER 1 w o " "
| FINGER 2 o] " "
n FINGER 3 p | -1 =j

H=maxZ , ¢=2tan"'(l/2r)

The angles ¢ are calculated with equal length finger links. Actual angles can be
determined using the kinematics calculations or by measurement with the robot hand.
The chart above serves to illustrate the general relationship between the angles. In a
Spherical or Cylindrical Grip it is the thumb and the 0 joint that give a grip its unique
configuration.

*For a cylindrical lever grip, the thumb is rotated along the axis of the shaft. Presently,
the Utah/M.LT. hand cannot rotate the full 90 degrees to accomplish this. The hand can
only rotate = +45° from the normal to the plane of the palm. A future version of the hand
will be capable of rotating +90°: (personal conversation with Jacobsen).



Flat Surface Grips

A flat object, from a one handed gripping perspective, is one in which the only grip
opportunity arises on a side of the object and the fingers and thumb are in contact with
opposite parallel faces of the object. There are generally three sub categories of grippable
flat objects.

[ FLAT SURFACE GRIP PATTERN CHART |
OBJECT  |FINGER/JOINTin°| 0 | 1 | 2 | 3 %
SMALL THUMB o] oo o
EDGE :

Fon-massive FINGER 1 0 ¢ ¢ ¢ H

| (FINGERTIP) |FINGER 2 o | | ] "1

FINGER 3 0 " " " “
SMALL THUMB %0 | o0 0
EDGE
non-massive |FINGER 1 0 ¢ ¢ ¢
(PINCH) FINGER 2 0 " " "
FINGER 3 0 " " "]
[ massive THUMB 5] 0] 0] o |
_{(PALM GRIP) |FINGER 1 o {9 | o 0
depends on FINGER 2 0 90 0 0
edge width  |FINGER 3 0o | 90| o 0 J

[LARGE EDGE|THUMB 0 | 0] 0| %
(Largest FINGER 1 0 0 0 90
Grasp) FINGER 2 0 0 0 | 9%

FINGER3 0 0 o | % |
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1. Small Edge Non-Massive object: The edge width is less than the distance from thumb
base to finger base. In this case a fingertip grip is used. Another grip can be used in
this case, with the thumb and first finger. The sheet rests against the outer side of the
first finger and presses or pinches the sheet against this finger. The remaining fingers
are closed against the palm to give support to the first finger.

2. Small Edge Massive object: The edge width is less than the distance from thumb base
to finger base. The object is massive relative to hand strength so that a firm grip is
needed. The palm of the hand is used as a support platform and the fingers secure the
object. To do this the thumb is rotated 90° so that it aids in the platform that the palm
makes. This platform is placed on one side of the flat object. The fingers then wrap
around the edge of the object. One comner of the edge (the corner farthest away from
the palm) rests in a 90° bend formed by the finger joints. This bend is formed as close
to the palm as possible (for strength of grip) at the same joint level in all fingers.

3. Large Edge: The edge width is greater than the distance from thumb base to finger
base but less than the distance between the outer most finger joints and thumb joints
when all joints are at O angle. In this case, a minimum distance between the object
edge and the palm of the hand and maximum finger and thumb surface area contact
with the object is sought.

Altered Grips

These are grips that are used with any object ,even an elementary object for which
there is a grip primitive. They are used to grip the object in a different fashion to serve
a different purpose. For example, a screw driver is basically a cylinder but when this
tool is to be used, a cylindrical grip primitive is altered so that a force along the axis
of the screw driver can be applied and a wrist turning motion along the arms axis is
performed. An altered grip can be thought of as a task grip.



Task or Tool Grips

A tool from a gripping perspective is composed of elementary objects (see Classification
of Hand Actions). However, when a tool is used the grips that are used are not elementary
grips but are grips that take into account the forces and motions that are needed to
perform a task.

Most EVA tools have cylindrical handles or handles that can be gripped with a
cylindrical grip 1.

The tool generally lays across the palm of the hand. For example a flashlight, hammer or
screwdriver. An automatic screwdriver or drill which has a gun configuration is used with
a cylindrical type grip. The trigger is actuated by the first finger which uses a variable
cylinder configuration.

TASK/TOOL GRIP PATTERN CHART ]

FINGER/JOINT in°| 0 1 2 3 ]|
SCREW THUMB 9% | 0 0 0
DRIVER
FLASH FINGER 1 o | 56| ¢ o
LIGHT
HAMMER |FINGER 2 o |56 "
FINGER 3 o 0 " 2
ELECTRIC |THUMB 0 0 0 0 |
DRILL FINGER 1 o | x | x
FINGER 2 N | o o o
FINGER 3 o [ " | - "

In the Electric Drill grip X is a variable angle representing the pulling of the trigger.
0<X<¢.
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Interpolated Grips

This type of grip is a combination of other grips (Elementary/Task) and is used to
create or compose a new grip of an object whose grip is not known. An example of an
interpolated grip would be a manual gear shift lever in an automobile that is a long
cylindrical shaft with a spherical knob on top.

| INTERPOLATED GRIP PATTERN CHART
OBJECT __ |FINGER/JOINTin°| 0 1 2 3
GEAR SHIFT |THUMB 90 [ o | o | o |
(Spherical FINGER 1 M o )
top) FINGER 2 0 0 " "
FINGER 3 0 ¢ " "
VALVE- THUMB wl e o 0
HANDLE or |FINGER 1 w | o o )
DOOR KNOB |FINGER 2 0 20 | 20 | 20 |
(Spherical)  |FINGER 3 90 | 90 | 90 | 9 |

These are a two examples of interpolated grips. It is necessary to develop an Interpolated
Grip Strategy in order to create a truly smart hand.



Location of Sensors

LOCATION of CONTACT SENSORS CHART ]
GRIP “[FINGERLINK[PALM] 1 2 3
FLAT  SUR-|THUMB 0 1 1 1
FACE
SMALL EDGE |FINGER 1 0 0 0 1
(FINGERTIP) |FINGER 2 0 0 0 1
FINGER 3 0o | 0o | o 1
(PINCH) THUMB o | 1t | 1 1
FINGER 1 0 side side side
FINGER 2 0 0 0 0
FINGER 3 0 0 0 |
SPHEREor _ |THUMB 1 1 1 1|
CYLINDER __ |FINGER 1 1 1 1 1
FINGER 2 ) ) ) )
FINGER 3 1 1 1| 1
IVALVE THUMB 1 1 1 1 |
DOOR KNOB |FINGER 1 1 1 1 1
FINGER 2 1 side side side
FINGER 3 o | o 0 0

A necessary condition to perform various human like grips and tasks is the use of contact
sensors. Particular grips require the placement of touch sensors in specific locations. The
chart above was created using grips from several other charts. A zero indicates no sensor
needed and one indicates the need for a sensor at that location. Although only one chart is
given the chart indicates that a contact sensor is needed at each link and also in the palm
at the base of each finger. In addition, sensors are needed along two of the fingers. Finger
one requires sensors along the outside (right side looking toward the palm) at every link
and finger two will require sensors on the same side as finger one on the two end links.
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Grip Alteration Action

A Grip Alteration Action is used to change from one grip to another. The reasons for
doing this are to position the object differently in the hand for a particular purpose. Those
purposes could range from attaining a more secure grip to a specific grip that is used with
a tool. Some tools require a changing grip for their use such as an automatic drill/screw
driver. Using a hammer on earth requires grip alteration during usage. A hammer grip
slides on the hammer shaft allowing gravitational effect plus the lever effect to increase
its kinetic energy. In the case of a tool, there may be several grip alteration actions that
are used. ' :

Clips and C

CLIPS is a forward chaining language developed at NASA/JSC 21314 by the Al section of
the Mission Planning and Analysis division. It is written in the C language and is closely
associated with C. C programs can be called from CLIPS and C programs can call CLIPS
routines. It also has interfaces to ADA and Fortran although these are not as easy as with
C. The language is easy to learn and affords easy implementation of pattern matching.

Heuristic Control Using CLIPS
As an example of a control structure using CLIPS

(defrule grab-handrail
1 <- (close-hand standard-handlel ?speed)
;If the pattern above matches a fact that had been
;previously asserted, this rule will be put on the
;agenda and will be ready to fire. Also, the variable
;?speed is instantiated with the value located at that
;position in the pattern.
=2
(retract 7f1)
(assert (status good-grab = (grab standard-handlel ?speed))))
;grab is a ¢ routine that does the actual hand closing.
;status good-grab is asserted as a new fact.

Neural Networks and C

A Neural Network Simulator written in C is being developed at NASA/JSC:s by the Al
section of the Mission Planning and Analysis Division. C routines and therefore, CLIPS
routines should be callable from this environment and visa versa. At present the networks
are back propagation.

A spatial-temporal neural network* could be used to fuse and integrate sensory feedback
in the hand. Given point contact sensors, as opposed to an array of sensors, one at each
link and one or more in the palm of the hand a simple spatial-temporal network could be
developed and trained to recognize space-time patterns of contact. If the space-time
pattern of contact approximates a pattern that had been previously learned then that
pattern would be recognized and further action could or could not be taken based on that
outcome. For example, theré are typical space-time contact patterns that arise in the
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gripping of a cylinder. Assuming that the object had been previously identified as a
cylinder a particular space-time contact pattern would confirm that the proper grip on the
cylinder had been made. That pattern, might first include palm contact, followed by base
finger link contacts and so on, out to the fingertips. If a neural network implementation
operated in real time a deviation from that pattern during grip execution could possibly
signal that corrective action is necessary to complete and secure the grip. In addition,
given a real time network, palm contact could signal to the controlling software to begin
the cylindrical grip. Alternatively, the actual grip could be implemented by a neural
network that had been trained to respond to patterns of contact input.

* J. Freeman, Ford Aerospace, Johnson Space Center, personal conversation.

Heuristic Grip Summary
1. A Cylindrical grip primitive can be used for most objects.
2. Grip as close to the center of mass as possible'.

3. If the object’s characteristic length (in the grip region) is L, <3/4L,., the distance
from the wrist to the fingertips, a one-handed grip will probably work.

4. For objects with characteristic lengths (in the grip region) L, </, +1,,., the two outer
finger link lengths and F,.../M.,,.. « 1 a fingertip grip can be used.

3. Use hand sensors touch and vibration to determine if grip is slipping.
4. Touch sensors are used to signal the beginning of a grip action.

5. Use vision sensors for sufficient condition confirmation that a grip has been
successfully made.

6. Plan Grip Action Script and continuously monitor safety during execution.

7. In general it is the thumb and O joint that give a grip its unique configuration and
therefore function.
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Conclusions

Future Work and Recommendations

The work reported in this paper is by no means exhaustive. It serves to illuminate a path
that can be followed with what I feel will be real tangible results and successes in the
development of an autonomous robot with a dextrous hand. The fabric which ties all of
the components together will be the development and application of Neural Networks to
sensors and learning, further development of an Al language such as CLIPS that can
easily interface the Neural Networks, and the development of a dynamic adaptive task
planning strategy. Also, it is necessary to develop an Interpolated Grip Strategy in order
to create a truly smart hand. This would be part of the dynamic adaptive task planner.

Recommendations

Sensors : Contact sensor are needed at each link and also in the palm at the base of each
finger. Sensors are needed along the side of two of the fingers.

Neural Network research should be applied the sensor fusion problem.
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Abstract

This document discusses the principles of data storage, the
comparative strengths of data bases, and the evolution of
hypertext within this context. A classification schema of
indexing and of hypertext document structures is provided. Issues
associated with hypertext implementation are discussed and
potential areas for further research are indicated.
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Introduction

One of the strengths of the modern computer is its. ability to
manipulate large masses of data. It is anticipated that the space
station will carry on board a great deal of the documentation
associated with the design and construction of its components.
Accessing needed information from data sets of the anticipated
size of the one planned for the space station is likely to create
difficulties for the user. The user may find it extremely
difficult to locate the desired information or may find that the
information sought is contained in a large mass of irrelevant
material. Further, the ability to efficiently access most modern
data bases is limited by the familiarity of the user with the
peculiarities of the database organization.

Hypertext is a method for organizing text oriented data bases to
facilitate ease of access, to promote rapid navigation to desired
nodes, and to provide views of data paths that facilitate
consideration of alternatives which might be of interest for
browsing. Users find hypertext based documents facilitate
browsing and simplify navigation problems that can become quite
severe in other data search environments.

This paper will examine the data processing/file manipulating
background against which the strengths of hypertext concepts
should be viewed. Several hypertext implementations are reviewed.
The author has worked extensively with one of these packages
(HOUDINI by MaxThink) on a Compac Deskpro (IBM-PC XT equivalent),
and some of the observations given late in the paper are the
result of several implementations developed by the author using
the above combination. Areas of research in human-computer
interaction using hypertext that should be addressed are
described.

Historic Development/Overview of Varieties of Databases

The computer has come to be viewed as a necessity in the modern
world for many reasons - speed of processing, significant
improvements in numeric manipulations, ability to manage large
volumes of data, among many other strengths. The ability to
manipulate large masses of data, to perform the same process to an
endless number of records or to search a large file for the
specific record needed has made the computer a mainstay of the
information processing world. The first section of this paper will
provide a review of record, file, and database fundamentals
common to the information processing environment, and attempt to



provide the reader with .the background useful to understanding
the virtues of hypertext.

The primary structure of information is the field. A field
consists of the smallest segment of data meaningful to the user.
Examples of fields might include name, home address, work address,
etc. Fields alone are meaningless unless they belong to a higher
data organization called a record. Each record of the same type
will contain the same fields, but the contents of the fields will
differ from one instance of a record to another. Associated
records are grouped into files which serve as the primary
organizational structure for large sets of data. An organization
may maintain separate files for its employees, for its corporate
resources, for its customers or students, etc.

Traditionally we have tried to organize these files into one of
three structures based on the anticipated accesses which will be
made to the data. If access will be to most or all of the records
during any given file use, and the order of the accesses is not
important or can be anticipated (i.e. alphabetical), then a
simple sequential structure where one record follows immediately
upon the previous will make the most efficient use of storage and
reading time. Sequential storage is still the classic data
organization and is found useful in many situations, but it has
major deficiencies for some situations.

Many users find that they cannot predict in advance which records
they are going to need or how frequently they will need to access
any given record. When this is the case, files can be organized
so that the location of any given record can be determined from a
unique key field (such as part number) contained in each record.
Thus an attempt to access a given record can be directed to the
location of that record in storage, with no need to process or
pass over unused records. This direct access method provides much
faster access to any given record, but at the cost of wasted
storage space (for locations with no corresponding record key
field) and no easy way to access all records if the user so
desires.

If these latter considerations are important to the user's
anticipated application, one may organize the file so the records
are stored immediately following one another - as in sequential -
but one also maintains an index pairing the record's key field
with storage location, one can have most of the storage
efficiency of sequential organization with rapid access to any
individual record as found with direct organizations. This
indexed sequential structure provides both of these boons, but
with some cost associated with maintaining and accessing the
index. Most of the currently available products, even those
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specific to certain manufacturers (such as IBM's KSDS) can be
categorized into one of these formats.

Common to all basic file organizations, however, are problems
related to multiple files of similar data. As each user will have
needs for data which differ somewhat from other users, each will
require a file dedicated to them. Thus data is often repeated

in several files, wasting space and resources. This redundancy may
lead to much worse problems caused by inconsistency among files
containing duplicate record fields. With many users accessing
many different files, it becomes increasingly hard to maintain
corporate standards of security and data integrity. Laws to
control what may or may not be retained must be respected, and
with diverse users and files, it becomes difficult to do so.

Each attempt to initiate a new use of the computer system
requires extreme investments in duplicating file services,
leading to greater and greater demands on the system resources.
Further if the company should wish to begin using a new computer
system, file migration problems must be addressed for each
application file, duplicating expenses, if even resolvable.

These disadvantages were recognized early, and many organizations
have supported the concept of a database to control for many of
the problems. The database is in effect a single super file
containing all instances of all data, with a sophisticated
management system to ensure that only legitimate users may access
those parts of the data to which they have a need. Access can
duplicate any structure the user is familiar with, but there is a
major expense involved in maintaining and coordinating the
database. The terms database management system and database
administrator have been developed to reflect this cost.

As with files, three database structures have evolved. The
hierarchial data structure consists of a series of root or parent
nodes each pointing to several branches or descendents. By
anticipating probable accesses, nodes with similar demand
characterisitcs can be grouped to simplify access procedures. For
example, if Part Type is the root structure, it is much easier to
generate a list of all suppliers of a given part than it it is to
find all parts from a given supplier. If both types of accesses
are anticipated, the user can duplicate all information using the
second structure (which is expensive) accept the penalty of time
and inefficiency associated with the structure, or establish a
second set of links between associated parts.

This later approach characterizes the network oriented database
structure. Data is retained as discrete records with links
connecting the various similar internal fields between records.
Any record may have a large number of links coming in or going
out (multiple roots/parents, multiple branches/children).



Unfortunately, both hierarchial and network structures cost the
user substantial overhead, in many cases 200% - 300% of the space
used to store the actual data.

The third solution to the problems associated with files that has
become popular with the decline in cost of computational power is
the relational database design. Records are stored as fixed
relations in large tables. User requests are viewed as segments
of the table, sometimes single fields, sometimes small sets of
fields or records. Relational databases are generally considered
superior to the othe designs because of the inherent flexibility
in their design and their ability to respond to varying,
unanticipated requests. Users of relational databases need to
acquire some sophistication in their requests, as often requests
may yield either a null set or substantially more information
than is needed. The user specifies the characteristics to search
the database for, and the exact matches are provided back to the
user, much as a donut cutter may slice a donut from rolled out
dough.

These traditional databases share some common strengths and
weaknesses. Substantial overhead is needed to maintain
1inks/structures of the database when compared to the traditional
file structure. Their organization tends to favor numeric or short
memo storage in contrast to lengthy text. Databases however,
reduce waste due to redundant data, and can avoid (in centralized
databases) or minimize (in distributed databases) inconsistencies
within the data set. Data can be easily shared among various
applications and users, while corporate, national, and industrial
standards can be enforced. Any applicable security restrictions
are easier to maintain in a database oriented environment while
data integrity and accuracy can be maintained.

Springing from this file and database background, the hypertext
concept has found fertile soil for the users of computer-based
document systems. We shall now address the concept of hypertext.

The Concept of Hypertext/Hypermedia

Reading is fundamentaly linear. Words are grouped together to
form sentences, sentences to form paragraphs, paragraphs to form
documents. Each has a beginning and is read through to the end.
If the reader is searching for a particular piece of information
coritained in the document, the document will be read (or skimmed)
until the information is located, again in a linear fashion.

With large information oriented documents, such as texts, the

reader may elect to use an index to locate the page containing
the particular reference. The page is then read to locate the
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information sought. In encyclopediae and dictionaries, the user
can turn directly to the location of the information sought, but
the act of extraction of the information will be linear.
Obviously, the finer the division of indexing, or topic
selection, the less reading is needed to extract the desired
information.

While the analogy may be strained, one can view a linear document
as corresponding to the sequential file structure, indexed
documents as corresponding to the indexed sequential structure,
and the encyclopedia/dictionary as a direct access structure. In
all three however, the information sought still needs to be
extracted from the surrounding document matrix through the linear
task of reading.

Often r